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ABSTRACT
A robotic spacecraft, that can be used for a variety of
missions in-orbit, is highly challenging to control due to
the dynamic coupling between the arm and the spacecraft
base. In addition to the dynamic coupling, there are in-
ternal and external disturbances that require a robust con-
troller to be tackled. In this paper, the mission concept of
a chaser controlled floating robot used for the capture of
a target in-orbit is introduced where the dynamical model
of the system is derived with respect to the target frame.
An H∞ controller is designed for this system to first re-
duce the relative range between the chaser and the tar-
get then track the pre-designed trajectory for the robotic
arm. The simulation results are based on a 12 degree of
freedom robotic spacecraft in the presence of internal and
external disturbances.
1. INTRODUCTION
A robotic spacecraft is a system capable of performing a
multitude of operations in-orbit such as the maintenance
and repair, assembly of large structures, refuelling and
the de-orbiting of debris [1, 2, 3]. It can be free-floating
or free-flying. The free-floating robot, although fuel ef-
ficient, does not provide any control for the spacecraft
base which results in an undefined workspace and the
emergence of dynamic singularities [4]. Furthermore, the
Centre of Mass (CoM) of the system is considers fixed or
moving at a constant velocity in the assumed absence of
external disturbances, which is not the case in a real mis-
sion scenario. The free-flying robot on the other hand, is
a system where the base is fully stabilised in response to
the motion of the arm [5]. Controlling such a system is
easier than the free-floating counterpart but its workspace
is restricted. This can be tackled by changing the pose of
the spacecraft according to the the grasping point on the
target. Controlling a robotic spacecraft is highly chal-
lenging due to several system and environmental con-
straints. The system constraints consist of the dynamic
coupling between the robotic arm and its spacecraft base.
The dynamic coupling can result in undesired forces and
moments that can change the position and attitude of
the spacecraft base. Further, the changes in the space-
craft’s mass are also considered as system constraints in
the form of parametric uncertainties. The environmen-
tal constraints can be any source of external disturbances
such as solar radiation or atmospheric drag.
Amongst many controllers developed by researchers, the
nonlinear H∞ controller is well known for its robustness
against internal and external disturbances. It is based on
a quadratic optimisation developed in [6] and further im-
proved in [7] to overcome disturbances by defining an
attenuation level γd. It has been tested in [6] and [7] for
an Earth fixed base manipulator. This controller was also
used for aircraft control [8], [9] and spacecraft control
[10, 11]. Another study addressed the application of the
H∞ controller for a reusable launch vehicle for a safe
re-entry [12]. The performance of this controller, when
used for a robotic spacecraft, was only tested on a Dy-
namically Equivalent Manipulator, developed in [13], for
one arm and dual arm systems [14], [15] and never on a
full robotic spacecraft system.
In this paper, a controlled floating robot that has the capa-
bility to adjust the pose of its spacecraft base depending
on the location of the grasping point on the target is intro-
duced. This system has the benefits of both free-floating
and free-flying robots but at the same time helps attenuate
their limitations. The mathematical model for its dynam-
ics is derived with respect to the frame attached at the
centroid of the target. A nonlinear H∞ controller is syn-
thesised in two parts: motion control for the arm and pose
control for the spacecraft base. Further, a feed-forward
compensation is introduced in the control loop to nul-
lify the dynamic coupling effect. The designed controller
will track the pre-defined trajectory while compensating
for system and environmental constraints. The simulation
results are based on a twelve Degree of Freedom (DOF)
system. The parametric uncertainties are are modelled
as the changes in the mass of the spacecraft base when
fuel is consumed during orbital manoeuvres and attitude
control. The controller is first used to reduce the relative
range between the robotic spacecraft and the target, then
track the desired trajectory through the motion of both the
arm and the spacecraft base.
2. MISSION CONCEPT
Prior to the capture of the target, there are two modes of
operation: the far range approach and monitoring with re-
spect to the Earth centred inertial frame
∑
I and the close
range approach with respect to the target frame
∑
T as-
suming no relative acceleration and angular velocity be-
tween
∑
T and
∑
I . This scenario is depicted in Fig. 1.
The far range approach and monitoring is either active
or passive depending on the relative range between the
chaser and the target. The second mode is only active
when the robotic spacecraft is in the vicinity of the object
to be captured during which the motion of the arm can be
enabled and the first mode becomes passive.
The far range approach is an important phase of a robotic
capturing mission but is out of the scope of this study.
The close range approach is the focus of this study, dur-
ing which the relative range between the chaser and the
target is the minimal distance resulting from orbital ma-
noeuvres.
The choice of reference frame A mandatory condition
has to be satisfied on
∑
T to be the reference frame for
the dynamic model of the system. The frame has to be a
non-rotating frame. This is proved based on the relative
motion equations seen in [16], where the acceleration of
the relative position vector is:
r¨T =r¨rel + Ω˙× rT + Ω× (Ω× rT ) + 2Ω× r¨rel,
(1a)
r¨T =r¨01 − r¨02, (1b)
where r¨rel ∈ R3 is the relative acceleration between the
chaser and the target, Ω ∈ R3 is the absolute angular
velocity of
∑
T in
∑
I . When
∑
T is not rotating, the
absolute angular velocity and acceleration are null Ω˙ =
Ω = 0. Therefore, from Eqs. 1a and 1b:
r¨T = r¨rel = r¨01 − r¨02.
Expressing the motion of the robotic spacecraft with re-
spect to
∑
T will be performed using the relative vector
rT through the following transformation:
(r¨T )T = R
I
T (r¨T )I
(r˙T )T = R
I
T (r˙T )I
(rT )T = R
I
T (rT )I
 , (2)
where RIT ∈ R3×3 is the fixed rotation matrix between∑
T and
∑
I . This rotation matrix does not change with
time as the target frame is a non-rotating frame.
The scenario: A real scenario was investigated, to vali-
date the choice of the reference frame, using Jsattrak. The
scenario involves the International Space Station (ISS)
and the ISS re-supply spacecraft POGRESS-MS 8. Their
state vectors were extracted from Jsattrack at a random
time and used with the orbit dynamics equations to esti-
mate their trajectories. The relative position between the
two spacecraft as well as the relative velocity and accel-
eration are shown if Fig. 2. According to the figure, the
relative acceleration is negligible and the relative velocity
although small has to be further reduced using the space-
craft base controller. However, if the trajectory is not
controlled when the two spacecraft are the closest to each
other (trajectory between the two lines in Fig. 2 where the
relative range is 82m), they will drift apart and will each
continue their motion in their own orbit. For this reason,
this paper is focused on the segment of the orbit where
the two spacecraft are in the vicinity of each other (in this
case 82m). The controller developed will further reduce
the relative velocity to a value very close to zero. The rel-
ative position is also reduced to the desired value suitable
for the arm’s motion and capture of the target.
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Figure 1. Mission scenario.
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Figure 2. Approach scenario describing (a) the relative
position, (b) the relative velocity and (c) the relative
acceleration between ISS and PROGRESS MS-8.
3. MATHEMATICAL MODEL FOR THE SYS-
TEM’S DYNAMICS
The dynamical model of the robotic spacecraft derived
with respect to
∑
T about the CoM of the system, is ex-
pressed as follows:
f = Dq¨ + Cq˙ (3)
where q ∈ R6+n, q = [X,θ]T is the vector of gener-
alised coordinates.
Expressing the equation of motion in terms of the sub-
matrices for the spacecraft base and arm, Eq. 3 becomes:[
fsc
τm
]
=
[
Dsc Dsc.m
DTsc.m Dm
] [
X¨
θ¨
]
+
[
Csc Csc.m
Csc.m
T Cm
] [
X˙
θ˙
]
 , (4)
where fsc = [Fsc, τsc]T , fsc ∈ R6 is the vector rep-
resenting the forces Fsc ∈ R3 and torques τsc ∈ R3
applied on the spacecraft base and τm ∈ R6 is the vector
representing the torques applied on the joints of the arm,
Dsc ∈ R6×6, Dm ∈ Rn×n and Dsc.m ∈ R6×n are the
inertia matrices of the spacecraft base, manipulator and
dynamic coupling respectively.
The vectorX = [rT , φ]
T = [x, y, z, α, β, γ]T ,X ∈ R6
represents the position and attitude of the spacecraft base
with respect to
∑
T , where rT = (rT )T is described
by Eq. 2, φ ∈ R3 is the vector representing the roll,
pitch, yaw Euler angles. The vector θ = [θ1, θ2, ..., θn]T ,
θ ∈ Rn represents the joints angles of the arm.
3.1. The System’s Dynamic Components
Using the momentum of the system, the different sub-
matrices constituting the equation of motion are:
Dv = MtE,
Dvω = −Mt[rcB]×Rw,
Dωv = Mt[rcB]×,
Dω = [Isc +
∑n
i=1 (Ii −mi[riB]×[riB]×)]Rw,
Dvm =
∑n
i=1miJvmi ,
Dωm =
∑n
i=1
(
IiJωmi +mi[riB]×Jvmi
)
Cscv = −Mt[rcB]×R˙ω −Mt[ωsc]×[rcB]×Rω,
Cscω = [Isc +
∑n
i=1 (Ii −mi[riB]×[riB]×)] R˙ω
+KRω,
K = [ωsc]× [(Isc +Mt[rcB]×[rcB]×)
+
∑n
i=1 (Ii −mi[riB]×[riB]×)]
− (Mt[rcB]×[ωsc]×[rcB]×)
Cvm =
∑n
i=1miJ˙vmi ,
Cωm =
∑n
i=1
(
IiJ˙ωmi +mi[riB]×J˙vmi
)
.
which gives:
Dsc =
[
Dv Dvω
Dωv Dω
]
, Csc =
[
0 Cscv
0 Cscω
]
Dsc.m = [Dvω Dωv]
T and Csc.m = [Cvω Cωv]
T
where Mt is the total mass, mi is the mass of the ith link,
Isc ∈ R3×3 and Ii ∈ R3×3 are the inertia matrices of the
spacecraft and the links of the arm and:
rcB = rc − rT
riB =
∑i
j=1 (Rjbj + Rj−1sj−1)
ωsc = Rωφ˙
Rω =
[
1 0 −sin(β)
0 cos(α) sin(α)cos(β)
0 −sin(α) cos(α)cos(β)
]

.
where as shown in Fig. 1, rc ∈ R3 is the vector from the
origin of
∑
T to the CoM of the system, riB ∈ R3 is the
vector from the origin of the body frame
∑
B to the CoM
of the ith link, bi ∈ R3 is the vector from the ith joint
to the CoM of the ith link and si−1 ∈ R3 is the vector
from the CoM of the (i− 1)th link to the ith joint and Ri
is the rotation matrix of the ith joint with respect to the
spacecraft base and ωsc ∈ R3 is the angular velocity of
the spacecraft base with respect to
∑
T .
According to [17], inertia matrix Dm and the matrix of
Coriolis and centrifugal forces Cm are:
Dm =miJ
T
vmi
Jvmi + J
T
ωmiIiJωmi ,
ckj =
n∑
i=1
1
2
[
∂Dmkj
∂θi
+
∂Dmki
∂θj
+
∂Dmij
∂θk
]
θ˙i
where Jvmi ∈ R3×n and Jωmi ∈ R3×n are respectively
the linear and angular terms of the arm’s Jacobian matrix
of the ith CoM, ckj is the k − jth element of the Cm
matrix.
3.2. The Jacobian Matrix
The linear and rotational terms of the Jacobian matrix are
derived using the following equations for the linear and
angular velocities of the CoM of the ith link with respect
to
∑
T :
vi = r˙T + r˙iB
ωi = ωsc + ω
sc
i
ωsci =
∑i
j=1 Rj−1
[
0 0 θ˙i
]T
 ,
where ωsci ∈ R3 is the angular velocity of the CoM of
the ith link with respect to
∑
B .
The resulting Jacobian matrix components are:
Jvsci =
[
E J′vsci
]
J′vsci =
∑i
j=1
[
∂Rj
∂φ
bj +
∂Rj−1
∂φ
sj−1
]
Jvmi =
∑i
j=1
[∑j
k=1
∂Rj
∂θk
bj
+
∑j−1
k=1
∂Rj−1
∂θk
sj−1
]
Jωsci =
[
0 J′ωsci
]
J′ωsci = Rωe1 + Rωe2 + Rωe3
Jωmi =
∑i
j=1 Rj−1e3

.
4. CONTROLLER DESIGN
The controller presented in this paper is divided into po-
sition and attitude control for the spacecraft base and mo-
tion control for the arm.
The equation of motion represented by Eq.3 can be de-
coupled into two parts: spacecraft base equation and
robotic arm equation, both involving the dynamic cou-
pling between them. Eq. 4 is decoupled as follows:
f =
[
fsyssc + f
coup
sc
τ sysm + τ
coup
m
]
fsyssc = DscX¨ + CscX˙
fcoupsc = Dsc.mθ¨ + Csc.mθ˙
τ sysm = Dmθ¨ + Cmθ˙
τ coupm = Dsc.mX¨ + Csc.mX˙

.
The controller presented in this paper consists of a feed-
back compensation using H∞ control as well as a Feed-
Forward Compensation (FFC). Only fsyssc and τ
sys
m are
considered for the H∞ feedback control, whereas fcoupsc
and τ coupm are used for FFC. TheH∞ controller is known
to be a robust controller when dealing with both inter-
nal and external disturbances. To that end, describing the
system in terms of nominal and uncertain parameters is
performed as follows:
fsyssc + δsc = Dsc0X¨ + Csc0X˙
δsc = fscd −∆DscX¨ −∆CscX˙
fsc.d = [Fsc.d, τsc.d]
T
τ sysm + δm = Dm0 θ¨
+ Cm0 θ˙
δm = τm.d

,
(6)
where Dsc0 , Csc0 , Dm0 and Cm0 are nominal param-
eters, ∆Dsc, ∆Csc, ∆Dm and ∆Cm are uncertain pa-
rameters, δsc ∈ R6 and δm ∈ Rn involve the uncer-
tain parameters and the exogenous disturbance of the
base spacecraft and the arm respectively, fsc.d ∈ R6,
Fsc.d ∈ R3, τsc.d ∈ R3 and τm.d ∈ R3.
As two nonlinear H∞ controllers are designed, the two
control variables are:
x˜sc =
[
X˜
˙˜X
]
=
[
X −Xd
X˙ − X˙d
]
, x˜m =
[
θ˜
˙˜θ
]
=
[
θ − θd
θ˙ − θ˙d
]
,
where x˜sc ∈ R12 and x˜m ∈ R2n are the tracking errors
of the base spacecraft and the arm respectively, X , X˙ ,
Xd and X˙d are the real and desired pose and velocity
vectors of the spacecraft base, θ, θ˙, θd and θ˙d are the
real and desired joint position and velocity vectors of the
arm.
The variations of the mass of the robotic spacecraft, rep-
resenting the parametric uncertainties of its base space-
craft, are due to the fuel consumption during attitude con-
trol and orbital manoeuvres. The following equation of
thrust [18] was used to calculate these variations in order
to update the values of the uncertain parameters in Eq. 6:
Isp =
T
m˙g
gives ∆M =
T∆t
Ispg
,
where Isp is the specific impulse, T is the thrust force, m˙
is the mass flow, g is the Earth’s gravitational constant,
∆M is the mass expelled during thrust and ∆t is the time
taken for thrust.
The vector constituting the internal and external pertur-
bations affecting the robotic spacecraft is:
δ =
[
δsc
δm
]
=
[
fscd
τmd
]
−
[
∆DscX¨
0
]
−
[
∆CscX˙
0
]
,
Based on the controller developed in [7] for a terres-
trial arm, the controlled applied forces and torques for
the robotic spacecraft are:
fsyssc = Dsc0X¨c + Csc0X˙,
X¨c = X¨
d −T−112scT11sc ˙˜X
−T−112scD−1sc0
.
(
Csc0B
TT0sc x˜sc − usc
)
τ sysm = Dm0 θ¨c + Cm0 θ˙,
θ¨c = θ¨
d −T−112mT11m ˙˜θ
−T−112mD−1m0
.
(
Cm0B
TT0m x˜m − um
)

, (7)
Considering the FFC against the effect of the dynamic
coupling, the resulting applied forces and torques for the
robotic spacecraft system is the vector:
fc = [fsc.c, τm.c]
T
fsc.c = f
coup
sc + f
sys
sc
τm.c = τ
coup
m + τ
sys
m
 .
The control input signals usc ∈ R6 and um ∈ Rn for the
tracking of a pre-designed trajectory, using the robotic
spacecraft model presented in this paper, are:
usc =−R−1sc BTscT0scx˜sc,
um =−R−1m BTmT0mx˜m,
where Bsc ∈ R12×6 and Bm ∈ R2n×n are input ma-
trices, Rsc ∈ R6×6, Rm ∈ Rn×n, T0sc ∈ R12×12
and T0m ∈ R2n×2n are the tuning parameters of the
controller. Given a desired attenuation level γd and for
Rsc < γ
2
dsc
, Rm < γ2dm , the tuning parameters have
to satisfy the following condition for both the spacecraft
base and the robotic arm:[
K 0
0 0
]
−TT0 B
(
R−1 − 1
γ2d
E
)
BTT0+Q = 0, (9)
with:
Q =
[
QT1 Q1 Q12
QT12 Q
T
2 Q2
]
, T0 =
[
E 0
RT1 Q1 R
T
1 Q2
]
,
K =
1
2
(
QT1 Q2 + Q
T
2 Q1
)− 1
2
(
QT12 + Q12
)
,
where Q1 ∈ R6×6, Q2 ∈ R6×6 and Q12 ∈ R6×6 are
for the base spacecraft and Q1 ∈ Rn×n, Q2 ∈ Rn×n
and Q12 ∈ Rn×n are for the arm represent weighing
matrices defined by the control designer and R1 is found
using the following Cholesky factorisation:
RT1 R1 =
(
R−1 − 1
γ2d
E
)−1
. (10)
5. SIMULATION RESULTS
Simulations were conducted in Matlab and Simulink
for the close range approach, highlighting two sub-
operations of this mode: the approach of the robotic
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Table 1. Tuning Parameters of the base spacecraft H∞
Controller for the Close Range Approach
γd Q1 Q2 Q12 R R1
0.5 0.2E 0.8E 0 Auto Auto
spacecraft to the target and the motion of the robotic arm
to grasp the target. The system consists of a 6 DOF arm
coupled with a 6 DOF base spacecraft operating in a Low
Earth Orbit (LEO). The base has a mass equal to 200kg
considering 40% of the total mass is fuel. An external
disturbance in the form of atmospheric drag is introduced
in the control loop. The controller architecture is pre-
sented in Fig. 3. The tuning parameters of the controller
are defined by the control designer with R and R1 auto-
matically calculated to satisfy Eqs. 9 and 10.
5.1. The Close Range Approach
The scenario presented in Fig. 2 shows that the closest the
chaser can be from the target is 82m if no control is per-
formed. In order to reduce the relative position, only the
spacecraft base controller is active. Using the tuning pa-
rameters of Tab. 1, the relative range between the chaser
and the target is reduced from 82m to the desired value.
This value depends on the size of the manipulator. The
arm used in these simulations, requires a distance from
1m to 1.5m. Fig. 4 shows the changes in the relative po-
sition, velocity and acceleration between the chaser and
the target. The pre-defined tuning parameters of Tab. 1
result in high forces applied on the spacecraft to achieve
the desired pose, as shown in Fig. 5. For this reason, an
optimisation in needed to reduce the applied forces.
Optimisation The objective function used for optimi-
sation is fsyssc of Eq. 7. The objective function is f
sys
m
when optimising the tuning parameters of the arm con-
troller. As fsyssc is function of the tuning parameters, it is
minimised for a choice of Q1 and Q2 using the following
algorithm:
Minimise ‖fsyssc ‖2
s.t : Q1min ≤ Q1 ≤ Q1max
Q2min ≤ Q2 ≤ Q2max
The parameters of Tab. 1 are used as a first guess for
the algorithm and the optimisation is performed using a
minimisation function embedded in Matlab called ”fmin-
con”. The results shown in Fig. 6 and Fig. 7 suggest
that although the settling time is over 1000s, the applied
forces are considerably smaller when compared to the
other case.
During the optimisation process, the authors discovered
that in order to achieve the best performance, an extra
condition has to be satisfied on the parameter R. The co-
efficient of the diagonal matrix R has to be as close as
possible to the value selected for γ2d . In other words, the
matrix R in addition to being positive and smaller than
the square of attenuation level γd, has to satisfy the fol-
lowing condition:(
γ2d − 
)
E ≤ R ≤ γ2dE.
where  is a small number defined by the control designer
and E is the identity matrix.
5.2. The Robotic Spacecraft Motion
The trajectory is based on a fifth order polynomial.
Under the assumption the target is a non-rotating body,
the polynomial satisfies the desired conditions on the
position, velocity and acceleration of the joints of the
arm for a guaranteed smoothness [19]:
θi(t) = θi0 +
(
θif − θi0
) (
6t5 − 15t4 + 10t3) ,
where t is the normalised time and θi0 and θif are initial
and final positions of the ith joint.
The joint trajectories along with the desired ones are
shown in Fig. 8. The corresponding applied torques, de-
picted in Fig. 9 show that the controller compensates for
the disturbances affecting the arm while guaranteeing a
smooth trajectory tracking.
The Free-Flying Motion The pose of the spacecraft
base for the free-flying motion is presented in Fig. 10
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Figure 9. Applied torques using the arm’s H∞ control.
where the changes in the position and attitude are small
enough to be ignored. The stabilised pose of the space-
craft is a result of the applied forces and torques shown in
the same figure. Using both H∞ and FFC, the resulting
Cartesian trajectory is shown in Fig. 11 where the arm
continuously follows the pre-designed trajectory.
The Controlled FloatingMotion When the location of
the grasping point is out of reach of the manipulator, the
controlled floating robot presented in this paper can ad-
just its pose accordingly to reach the target. This is the
controlled floating mode where the spacecraft base is free
to move in a controlled manner. The changes in the pose
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Figure 14. Internal and external disturbance forces and
torques for the spacecraft base using H∞ control (a)
with FFC and (b) without FFC (free-flying mode).
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Figure 15. Internal and external disturbance forces and
torques for the spacecraft base using H∞ control (a)
with FFC and (b) without FFC (controlled floating mode).
of the spacecraft base are shown in Fig. 12 along with the
corresponding applied forces and torques. The resulting
Cartesian trajectory is shown in 13.
The Impact of the feed-forward compensation The
internal disturbances can be reduced by applying the FFC
as depicted in Fig. 14 for the free-flying motion. As the
parametric uncertainty representing the internal distur-
bance is function of the motion of the spacecraft base, the
disturbances reduce to be equal to the external ones only,
due to the feed-forward stabilisation forces and torques.
On the other hand the figure shows that in the absence of
FFC, the disturbances are not reduced due to the changes
in the pose of the spacecraft base. In the case of the
controlled floating motion, although the disturbances are
reduced, they are not completely cancelled due to the
controlled motion of the spacecraft base, as depicted in
Fig. 15. This highlights the importance of considering
the changes in the mass of the system.
6. CONCLUSION
A nonlinear H∞ controller has been synthesised for a
robotic spacecraft when used to capture a target in or-
bit. The overall controller consists of motion control for
the arm and pose control for the spacecraft base. The
feed-forward compensation in addition to cancelling the
effect of the dynamic coupling, also reduces the internal
perturbation affecting the spacecraft base. The optimal
choice of the tuning parameters of the controller guaran-
tees small applied forces and torques on both the arm and
the spacecraft base. This is critical when using a mono-
propellant for a micro-satellite.
The dynamical model was derived with respect to a frame
attached to the centroid of the target which increases the
accuracy when small displacements are needed. The re-
sults presented show that the workspace of the robotic
spacecraft can be increased when the motion of space-
craft base is controlled during the motion of the arm. Fur-
thermore, the internal disturbances due to the changes in
the mass cannot be ignored when controlling the motion
of the spacecraft base when using a controlled floating
system.
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